Electric multiple units (EMUs) have been the cause of low frequency oscillation (LFO) incidents in high-speed railway (HSR) network train systems (NTSs). In this paper a norm criterion with the advantages of simpler calculation while being less conservative than other norm criteria is introduced to analyze the stability of the NTS. A control strategy of EMU four-quadrant converters (4QCs) consisting of ac current passivity-based control (PBC) and dc voltage sliding mode variable structure (SMS) control, i.e. PBC-SMS, is proposed for LFO suppression. The NTS stability analysis with PBC-SMS results in superior critical LFO condition. A single EMU simulation validates the improved steady-state and dynamic performance of the PBC-SMS compared to other conventional methods; NTS simulations based on field tested network parameters verify the superior LFO suppression capability of the proposed method. Finally, guidelines for LFO suppression are recommended based on a comprehensive sensitivity analysis of the traction network, 4QC circuit and controller parameters of an NTS.
system (NTS) may be unstable, leading to LFOs [7] . Previous studies analyzed the LFO mechanism through stability studies on the NTS [8] [9] [10] [11] [12] . Based on the equivalent impedance/ admittance models of the network and train, a range of stability criteria, such as the generalized Nyquist criterion [8] , dominant pole [9] , norm criterion [10] and forbidden region-based criterion [11] , [12] were used. In [8] , the disadvantages of the Nyquist criterion in LFO analysis and an alternative method based on Bode diagrams were presented. Dominant poles were used to analyze the variation law of equivalent train impedance with respect to 4QCs control parameters when a LFO occurred [9] , resulting in an optimal order for adjusting the control parameters. Using the norm criterion, the NTS stability ensuring safe margin, were presented in [10] . Refs. [11] and [12] investigated the stability of multiple trains entering a supply section, revealing the negative impedance nature of 4QCs during LFO instances.
LFOs can be suppressed by improving the stability of 4QCs control, for example through nonlinear auto-disturbance rejection control (ADRC) [13] and adaptive ADRC [14] . By adjusting the gains of the conventional PI control, the VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ anti-disturbance capability of the controllers is increased, reducing the chances of LFO occurring in the system, but at the cost of reduced dynamics. Some advanced controllers consider both system stability and dynamic performance [15] [16] [17] [18] [19] [20] . The model predictive direct power control (MPDPC) of [15] achieves LFO suppression with good dynamic performance but is sensitive to the parameters of the model. An extended state observer (ESO) is incorporated with model predictive control (MPC) to improve parameter sensitivity [16] . During transients, the ''ESO+MPC'' scheme offers fast response but large dc voltage overshoots are observed. The large number of parameters that require tuning is another issue with the method. The H∞ method of [17] reduces overshoot but increases the steady-state dc voltage ripple. An LFO suppression method based on passivity-based control (PBC) was proposed in [18] reducing both overshoot and dc voltage ripple, again at the cost of dynamic response. A nonlinear PBC controller is designed for the single-phase rectifier in [19] , which can optimize the load characteristics and suppress the LFO. Sliding mode variable structure (SMS) can also suppress LFOs with fast dynamic response and small dc voltage overshoot [20] . However, the large dc voltage ripple under steady state and its sensitivity to model parameters [21] require the combination of the SMS with other methods, such as observers, adaptive control etc. Based on the previous analysis, the following gaps are identified in the literature:
1) There is no control method for LFO suppression that considers the steady-state, dynamic performance and robustness without extensive requirements in parameter tuning. 2) There is no quantitative investigation and stability analysis for advanced control methods (i.e. adaptive ADRC, MPDPC, ESO+MPC, H∞, PBC, SMS, etc.).
3) The impact of variations in the network and 4QC
controller parameters in the system stability under advanced control have not been discussed in depth. In order to fill up the deficiencies of previous work with regards to the LFO suppression, this paper proposes an EMU 4QC control strategy for LFO suppression based on ac current PBC and dc voltage SMS (named PBC-SMS). The main contributions and technical novelty of the work are as follows:
1) The proposed PBC-SMS controller for LFO suppression demonstrates good steady-state and dynamic performance with fewer control parameters, exhibiting strong robustness to system parameter deviation and external disturbance. 2) A stability analysis based on norm criterion is applied to the NTS for both the conventional and proposed control methods, indicating their LFO critical conditions. 3) The impact of traction network, 4QC circuit and controller parameters on the NTS stability is comprehensively investigated, resulting in a number of recommendations for avoiding LFO incidents. The rest of this paper is organized as follows. In Section II, an LFO incident is described as a typical study case. The NTS is then modeled in the dq frame and stability analysis based on a norm criterion method is performed. The PBC-SMS control of 4QC is proposed in Section III. Stability study of the NTS with the proposed controller is carried out in Section IV. In Section V, single EMU and entire system simulations validate that the proposed controller has superior LFO suppression capability with better steady-state and dynamic performance compared to more conventional methods. The impact of system parameters on the stability is investigated in Section VI where four recommendations for LFO suppression is obtained. Section VII draws conclusion for this work.
II. MECHANISM ANALYSIS OF LFO IN NTS A. A TYPICAL LFO CASE
From 10 to 16 September 2010, LFOs frequently occurred in the Qingdao EMU operation depot due to the large number of CRH5 EMUs in operation, leading to traction blockades of the EMUs. During the LFO incident, all the operation EMUs in the depot were under light load, and the stability issue of the NTS is more likely to occur under this condition than the heavy load [6] . The field test results of this incident are shown in Fig. 1 .
As shown in Fig. 1 (a), when 5 EMUs were put into operation synchronously, the measured 4QC ac side voltage and current exhibited slight oscillations, while the dc link voltage, supply voltage and traction network current did not show obvious oscillations. However, as shown in Fig. 1(b) , when 6 EMUs were put into operation simultaneously, a 5 Hz oscillation appeared in all electrical quantities of the 4QC and network sides, indicating instability in the NTS.
Typical LFO incidents occurred in China are summarized in TABLE 1 [4] , illustrating that i) different EMUs (CRH series)/locomotives (HX D series) may excite LFOs of different frequencies (2-7 Hz for Chinese cases), and ii) the occurrence of an LFO is closely related to the number of EMUs/locomotives operating under the same supply.
B. SYSTEM MODELING BY RETURN-RATIO MATRIX
An NTS can be depicted as a cascaded structure as shown in Fig. 2 . Although this is a multiple input and multiple output (MIMO) system, it can be simply seen as a ''source-load'' model [9] . The source, i.e. the traction network, is represented by an equivalent Thévenin circuit; the load, i.e. multiple EMUs, can be modeled by connecting the EMU input admit- tance in parallel; the position between the two parts is defined as the point of common coupling (PCC) of the system.
Seen from the PCC, Z S and Y L are the equivalent source impedance and load admittance, respectively. On the source side, e S is the voltage of the electrical substation (ESS), R S and L S form the equivalent impedance that includes both the ESS and the feeding network. On the load side, Y in represents the input admittance matrix of a 4QC, a is the number of power units of an EMU train and b is the number of 4QCs of a power unit. Specifically for CRH5, a equals to 5 and b equals to 2 [4] . The current i stands for the total current of multiple EMUs drawn from traction network.
According to the Kirchhoff's voltage law, the system can be expressed as:
Applying the Laplace transformation to (1) , the relation between the e S and i can be obtained:
where I 2×2 is a second-order identity matrix. 1 Since the measurement potential and current transformers (PTs and CTs) are available on the primary side of the on-board transformer of the EMU train, the 4QC ac voltage and ac current of Fig. 1 are converted from the primary side. Thus, the 4QC ac current is the combination of the three pairs of 4QCs connected by the same on-board transformer as shown in Fig. 5 .
To form the Y L model, the input admittance matrix Y in−PI of EMU 4QC is introduced [11] , in which the PI based controller is considered in the dq frame. Thus, the Y L is modeled in dq frames as:
where n is the number of EMUs, m = abn is the total amount of 4QCs under the supply. There are different methods to form the Z S model, e.g. equivalent circuit model [22] , chain-circuit model [23] and generalized symmetrical component model [24] . Regardless of the modeling method, a traction network can be treated as a linear system for LFO study, so that it can be represented by a simple expression [4] :
Then, this network impedance can also be transferred into the dq frame:
Generally, the ''source-load'' system can be synthetically described by a return-ratio matrix [25] , [26] :
where L dq−PI denotes the return-ratio matrix of the NTS in dq frame based on PI controller. It is noted that in the calculations of this work, the basic network parameters of (5) are acquired from the field test of the LFO incident of Section II-A; the control parameters based on the conventional PI of (3) are derived from [4] . All these parameters are provided in Appendix A.
C. STABILITY ANALYSIS BY G-SUM NORM CRITERION
Conventionally, a number of methods, e.g. Nyquist criterion, Bode diagram, dominant pole method, singular-value criterion [27] and d-channel criterion [28] , [29] , can be applied to a cascaded MIMO system described by a return-ratio matrix of (6) for the purposes of stability studies. However, because of the multiplication of the matrices in (6) , it is difficult to get the eigenvalues/poles of the system, which are key information of those methods.
Alternatively, norm criteria with the with the advantages of simpler calculation while being less conservative than other norm criteria, become an option. In this paper, a G-sum norm criterion is introduced to analyze the NTS, which calculates the G-norm and sum-norm for individual network model of (5) and train model of (3) avoiding the matrix multiplication of (6) [25] , [26] .
According to the G-sum norm criterion, a stable condition for an MIMO system is:
where subscripts G and sum denote the types of matrix norm. The G-sum norm criterion in this paper needs to be defined as follows:
(a) G norm of matrix:
where H is a matrix, h ij is the matrix element, i and j represent the matrix row and column respectively. In other words, the system is stable when satisfying at least one of the two sub-criteria:
The G-sum criterion is a sufficient condition for system stability, however it provides a conservative evaluation. This means that there might be stable systems that do not satisfy the criterion. However, due to simpler calculations, the G-sum norm criterion can provide a quick evaluation of the NTS stability.
Considering the system established in the previous subsection, the left sides of (8a) and (8b) are calculated across a frequency range, obtaining two curves (red and blue, respectively) in Fig. 3 . Consequently, the NTS is stable when any of the two curves is below 0 dB. For one EMU [ Fig. 3(a) ], the maximum points of both curves are below 0 dB (−14.89 dB, −9.16 dB), thus the NTS is stable. For 5 EMUs [ Fig. 3(b) ], although the maximum point of the blue curve is above 0 dB (4.82 dB), the red one remains below 0 dB (−0.91 dB), thus the system is still stable. For 6 EMUs [ Fig. 3 (c)], both curves are above 0 dB (0.67 dB, 6.41 dB), as a result, the system becomes unstable.
Detailed stability analysis results of the NTS with PI-based control is given Fig. 4 . The maximum values of both curves monotonically increase with the number of EMUs. For this supply network, the critical LFO condition is that 6 EMUs are put into operation simultaneously. The stability analysis indicates that putting more EMUs into operation under a same supply may lead to instability. In fact, (3) explains that the number of 4QCs/EMUs essentially affects the multi-EMUs admittance Y Ldq−PI which consists of all the 4QC admittance Y in−PI . Furthermore, Y in−PI is quite related to the control parameters, as established in [11] .
III. A PBC-SMS CONTROL FOR LFO SUPPRESSION A. SYSTEM CONFIGURATION AND 4QC MODELING
An NTS of HSRs is shown in Fig. 5 where the traction network is powered by a three-phase grid through a traction transformer installed in the ESS. An EMU train draws power from the overhead line through a pantograph, supplying its traction system. The traction system is divided in identical units placed in different carriages and interleaved via two multi-winding transformers on board the train. 2 In each unit, two interleaved single-phase 4QCs sharing a common dc-link play the role of network side power conversion; two threephase inverters for motor driving and an auxiliary inverter powering the rest of EMUs are connected to the dc-link in parallel.
When discussing NTS issues, an EMU is generally modeled by its network-side power conversion, i.e. the 4QCs. Since the LFO incidents usually happen in railway stations or EMU depots when EMUs are under light or no traction load [30] , [31] , only 4QCs and auxiliary inverters are in operation. This can be simply modeled as a resistive load at the dc-link (R o in Fig. 5 ) [32] , [33] . Assuming that in an EMU every 4QCs share an average power and all have identical network side circuits, each 4QC can be modeled as shown in Fig. 6 .
In Fig. 6 , u S and i S represent the network side voltage and current, r L and L stand for the equivalent impedance of secondary winding of the on-board transformer. u ab and u dc are the 4QC ac-and dc-side voltages. As there are two converters in a power unit, the dc side is model as i dc /2, i o /2, C/2 and 2R o (Fig. 6 ). 2 The power unit 3 of Fig. 4 can be powered by either of the two on-board transformers. The power unit 3 was powered by transformer 2 in this paper. The state space equations of the 4QC can be expressed as:
where s ab = {−1, 0, 1} is the 4QC switching function. The 4QC model of (9) can be converted into the dq frame [34] , [35] as:
where u Sd , u Sq , i d , i q , s abd and s abq are the d-and q-components of u S , i S and of s ab (periodic average), respectively. The Euler-Lagrange (EL) mathematical model of the 4QC can be described as:
where x and u S are defined as the state and input vectors; M, R and J are coefficient matrices, given as:
It is seen that M is a positive definite diagonal matrix, which represents the energy storage elements of the system; R is a positive definite diagonal matrix, which represents the dissipation characteristics of a 4QC; J is an anti-symmetric matrix, representing the interaction among the state variables. Based on the system modeled above, a PBC-SMS control strategy is then proposed for LFO suppression.
B. CONTROL LAW OF DC VOLTAGE BASED ON SMS
The SMS is especially suitable for the closed-loop control of power conversion systems. Controllers based on SMS are easy to design and implement, and they possess good robustness and dynamic performance [35] . For better dynamic performance, the 4QC dc voltage can be controlled under the SMS. For ensuring unity power factor and constant dc voltage [20] , [36] , the sliding mode £ is defined as:
where £ i and £ u are the current and voltage components of
are the deviation variables corresponding to u dc , i q and u dc ; k 1 , k 2 and k 3 are the controller gains. Considering some non-modeled dynamics (e.g. deadtime, semiconductor delays), the value of k 2 /k 1 cannot be set too large [36] .
Substituting (10) into (13):
When a 4QC reaches an equilibrium point, di d /dt, di q /dt, i q and u Sq are equal to zero. Thus, from (10) the switching function of 4QC can be obtained:
Substituting (15) into (14), it follows that:
When the sliding mode £ tends to zero, i d will equal to i * d . Therefore, the control law of the outer voltage loop under SMS is:
In (17), k 1 and k 2 are the controller gains. Taking into account the dead-time and semiconductor delays of the switches, their values should not be too large [36] .
C. CONTROL LAW OF AC CURRENT BASED ON PBC
The PBC has the advantages of high stability globally in a nonlinear system, strong robustness to the system parameters deviation, and it possesses good steady-state performance. The 4QC ac current is controlled by PBC, realizing zero steady-state tracking. An energy storage function of a 4QC can be defined as:
Substituting (11) into the first-order derivative of (18), an expression reflecting the energy dissipation rate is obtained: (19) Selecting the state as the output, i.e. y = x, a dissipative inequality is satisfied [37] :
whereḢ (x) represents the energy storage rate, u T S y represents the energy supply rate to the 4QCs, x T Rx represents the energy dissipation rate in the 4QCs. Therefore, the 4QC is strictly passive.
Similarly, a storage function for the state error x e = x − x * is defined as:
Then, (11) can be converted to:
For ensuring state tracking, the energy dissipation should be sped up. Consequently, additional damping can be injected into the system for fast error convergence towards zero, i.e. H e (x e ) → 0. Thus, a total damping matrix is defined as:
where R a = diag r 1 r 2 r 3 is the injected damping.
With the damping injection, (22) becomes to:
Therefore, the inner current loop PBC law of the 4QC can be derived as:
Substituting (25) into (24), it follows that:
Therefore, the storage rate for state error of the system satisfies:
Since R I is a positive definite diagonal matrix, the storage for state error of the system H e (x e ) must converge to zero. According to (12) and (25), the inner current loop PBC law of the EMU 4QC can be finally decided:
In (28), there is a trade-off in tuning the r 1 and r 2 . The larger their values, the faster the system converges, i.e. a good dynamic response. However, too large values may lead to over-modulation and higher harmonics [36] . On the other hand, smaller r 1 and r 2 values can improve steady-state performance.
According to the outer voltage loop SMS control law of (17) and the inner current loop PBC law of (28), a PBC-SMS control strategy for 4QC is proposed. Fig. 7 presents the entire structure of the PBC-SMS strategy where the phaselock loop (PLL) and imaginary orthogonal generation are based on the second-order generalized integrator (SOGI) [4] , and a conventional carrier based PWM scheme (with 250 Hz carrier frequency of CRH5 model) is adopted. It is seen that there are only four parameters in the proposed control system; equal to conventional PI-based control [11] , and fewer than the ADRC [13] or ESO+MPC [16] . Generally, k 1 and k 2 are set equal to each other [36] , and from (28) the values r 1 and r 2 can be seen identical, i.e. only two of these values need to be considered. Taking into account both the dynamic and steady-state performance, reiterative simulation tuning process is generally needed for getting appropriate these two parameters, and their values, used in stability and simulation of this work, are givenx in Appendix A.
IV. STABILITY ANALYSIS FOR PBC-SMS A. 4QC MODELING WITH PBC-SMS
In order to analyze the NTS stability with proposed PBC-SMS, the small-signal method is employed for modeling the EMU 4QC.
The steady-state form of (10) is:
where U Sd equals to the amplitude of u S , u Sq equals to zero, so does the U Sq . The EMU 4QC is required to work under unity power factor, so I q equals to zero as well. Then, given the values of U Sd and U dc , the steady-state values of I d , S abd and S abq can be obtained from (29) , as shown in (30): (10) is regarded as a steady-state variable plus a small-signal variable, (10) can be rewritten as:
where the variables with hat denote the corresponding smallsignal values. Substituting (29) into (31) , and ignoring the product term of the small-signal variables, the small-signal model of the single EMU 4QC can be obtained as:
The matrix form of (32) is: 
where I 3×3 is a third-order identity matrix. In steady-state, the output of the SMS voltage loop is d-axis current reference i * d , which satisfies:
The state variables in (17) are expressed as steady-state variables plus small-signal variables, so that:
Substituting (35) into (36) , and again ignoring the product term of the small-signal variables, the small-signal model of the outer voltage loop SMS control law can be obtained as:
In steady-state, the inner current loop PBC law (28) satisfies:
Each variable in (28) is regarded as steady-state variable plus a small-signal variable. Then, (28) can be rewritten as:
Combining (37), (38) and (39), neglecting the product term of small-signal variables, the small-signal model of the inner current loop PBC law can be derived as:
According to Fig. 7 , standardizing the PWM carrier by u * dc , the relationship between the switching signal [s abd , s abq ] T and [u d , u q ] T can be expressed as [11] :
As a result, the small-signal model of the 4QC switching signals can be derived as:
The matrix form of (42) is:
where D and E are defined as the coefficient matrix of the small-signal variablesx andû S , respectively.
Substituting (43) into (34) , it follows that: The matrix form of (44) is:
Thus, the input admittance matrix of the 4QC with PBC-SMS can be depicted as:
wherex i represents the current components inx. As a result, the input admittance matrix Y Ldq−PBC−SMS of the multi-EMUs based on the proposed PBC-SMS is obtained as:
Using the ''load'' model of (47) and the ''source'' model of (5) , the G-sum norm criterion of Section II-C is utilized once again to investigate the stability of the NTS with PBC-SMS. In this case, as shown in Fig. 8(a) where both curves are below 0 dB, the system is stable when 6 EMUs operating under the supply. With the number of EMUs increasing to 29, as shown in Fig. 8(b) where the peaks of red and blue curves are −0.19 dB and 4.49 dB, the system still keeps stable. Adding one more EMU train (for a total of 30 EMUs), as shown in Fig. 8(c) , the peaks increase to 0.11 dB and 4.79 dB and, the system becomes unstable.
Similarly, detailed stability analysis results for proposed controller are illustrated in Fig. 9 . It is found that 30 EMUs operating under the supply is the critical condition for this case. Comparing to the case of PI-based control investigated in Section II, the proposed PBC-SMS provides much wider stability margin for LFO suppression.
In essence, according to the stability comparison between the proposed PBC-SMS and conventional PI, it is found that the proposed control essentially reduces the EMU input admittance so as to improve the NTS stability.
V. VERIFICATION
In order to validate the proposed control, simulation results are carried out and compared to more conventional control methods. The electrical parameters used in the simulations are given in Appendix A.
A. CONTROL PERFORMANCE OF A SINGLE EMU
Firstly, the proposed PBC-SMS is tested in a single EMU train model and compared with three different methods, i.e. i) conventional PI-based control [4] , ii) PBC for ac current control [18] , [19] and iii) SMS for dc voltage control [20] .
The EMU 4QC dc voltage waveforms of the four control methods are given in Fig. 10 . In steady-state, method iii presents a large dc voltage ripple (25 V peak to peak) which is even larger than the PI case (15 V); using only PBC the ripple is reduced to 8 V; combining the two methods, the proposed PBC-SMS gives smallest ripple of 6 V. During the transient, although the PI method has a fast settle time of 0.2 s, it presents an overshoot greater than 13 %. Results of the other three methods do not show any overshoot; methods ii, iii and the proposed one reduce the settle time to 0.11 s, 0.08 s and 0.07 s, respectively. Quantitative results of the four methods are summarized in TABLE 2.
As shown in Fig. 11 , since the EMU line current amplitude is very small under light or no load (about 10 A), the steadystate waveforms of the four controllers are similar; however, the settling time for start-up are different, i.e. the proposed PBC-SMS presents the shortest settling time of 0.12 s. To sum up, the proposed PBC-SMS for EMU 4QC provides smallest steady-state ripple and fastest dynamic response without overshoot.
B. LFO SUPPRESSION PERFORMANCE
To verify the LFO suppression capability of the proposed method, a second set of tests for multi-EMUs operating under a common supply network are carried out.
1) CONVENTIONAL PI CONTROLLER
For the case of conventional PI-based control used for EMU 4QCs, the results are given in Fig. 12 . As shown in Fig. 12(a) , VOLUME 8, 2020 when 5 EMUs are working under the same supply, the ac and dc voltages of a 4QC as well as the traction network current (total line current of all the EMUs) show oscillations which are completely attenuated after 2 s. However, as shown in Fig. 12(b ), LFO appears in the system when one more EMU is added (i.e. 6 EMUs). On the network side, the oscillation range of the supply voltage amplitude is 35-46 kV, and that of the traction network current is 86-225 A. On the 4QC side, the dc voltage fluctuates between 3010 V to 3892 V, showing a 7-7.3 Hz frequency. Owing to the reliability of the network parameters from the field test and the 4QC parameters introduced from [4] , this set of simulation results are consistent to actual LFO phenomena of Section II-A as well as the stability analysis results given in Section II-C. This validates the feasibility and effectiveness of the modeling and stability analysis methods.
2) PROPOSED PBC-SMS CONTROLLER
The proposed PBC-SMS is tested in the NTS in order to validate its LFO suppression capability. For 6 EMUs, as shown in Fig. 13(a) , all the voltages and currents on both network side and 4QC side are stable. In other words, the LFO is suppressed by replacing the conventional controller with the proposed one. Moreover, when increasing the EMU number to 9, the system remains stable as shown in Fig. 13(b) . Due to the computational complexity of the off-line simulation, cases of more than 9 EMUs are not simulated. However, their performance is expected to match the analytical solutions of Section IV.
In conclusion, based on the parameters calculated from the field tested data, simulation tests validate that the PBC-SMS can effectively suppress the LFO and provides better steadystate and dynamic performance compared to more conventional methods. 
VI. SENSITIVITY STUDY AND SUGGESTIONS
In an NTS there are three sets of parameters influencing the system stability: i) traction network parameters (R S and L S ), ii) 4QC circuit parameters (r L , L and C) and iii) control parameters (K IP , K II , K UP , K UI for PI control / k 1 (=k 2 ) and r 1 (=r 2 ) for PBC-SMS). The first forms the network impedance (Z Sdq ), the latter two collectively form the multi-EMUs admittance (Y Ldq ). Based on the G-sum norm criterion and modeling of Sections II and IV, parameters of values different from TABLE A are tested for investigating the parameter impact on the system stability. For simplicity, in the following analysis, the magnitude-frequency diagrams display the critical region around the peak values of the red and blue curves.
A. SENSITIVITY STUDY BASED ON PBC-SMS
A first set of parameter tests of the system with PBC-SMS are carried out considering 29 and 30 EMUs under the supply which is the critical condition from Section IV.
1) TRACTION NETWORK PARAMETERS
Keeping all other parameters constant, stability analysis results of varying L S are given in Figs. 14(a) and (b). Comparing with Fig. 8(c) , the system containing 30 EMUs becomes stable by decreasing the network inductance (L S → 0.75L S → 0.5L S → 0.25L S ). On the contrary, comparing with Fig. 8(b) , the system with 29 EMUs becomes unstable by increasing the inductance (L S → 1.25L S → 1.5L S → 1.75L S ). 2) 4QC CIRCUIT PARAMETERS Comparing Fig. 15 with Figs. 8(b) and (c), it is found that the system: with 29 EMUs becomes unstable by decreasing any of r L , L and C; with 30 EMUs becomes stable through increasing any of these parameters. In addition, among the three, L is the dominant parameter that affects the stability curves. , it can be found that there is no significant change on maximum points of the curves when decreasing or increasing k 1 (= k 2 ). Therefore, the impact of k 1 and k 2 can be ignored. In Fig. 16(c) , increasing r 1 (= r 2 ) to 1.25r 1 , 1.5r 1 and 1.75r 1 , the maximum point of the red curves decreases by 0.0735, 0.1499 and 0.2284 dB, respectively. In contrast, decreasing r 1 (= r 2 ) to 0.75r 1 , 0.5r 1 and 0.25r 1 , the maximum point of the red curves in Fig. 16 (c) increases by 0.0697, 0.1346 and 0.1938 dB, respectively. Therefore, r 1 and r 2 are the dominant impact factors, and decreasing them tends the NTS to instability. Although being of secondary concern, similar impact of the r 1 (= r 2 ) values on the blue curve is demonstrated in Fig. 16(d) .
B. SENSITIVITY STUDY BASED ON PI
A second set of parameter tests based on conventional PI control are carried out considering 5 and 6 EMUs in the NTS which represents the critical condition from Section II. The results of network and 4QC circuit parameters are similar to the previous case and have been omitted. Relative curves of the variation of controller parameters are demonstrated in Fig. 17 . Quantitative stability results are listed in TABLE 3. As shown in Fig. 17(a) , increasing K IP to 1.25K IP , 1.5K IP and 1.75K IP , the maximum points of the red curves decrease by 0.97, 1.54 and 2.2 dB, respectively, enhancing the system stability. In contrast, decreasing K IP to 0.75K IP , 0.5K IP and 0.25K IP , the maximum points of the red curves increase by 0.96, 1.77 and 2.94 dB, respectively, destabilizing the system. Similar effect of K IP on the blue curve is given in Fig. 17(b) . Figs. 17(c)-(f) show that decreasing K II or K UP improves the system stability and inverse effect can obtained by increasing them. Figs. 17(g) and (h) show that the K UI has little effect on the stability curves, thus can be ignored. Among them, K IP is the dominant parameter impacting the NTS stability. 
C. SUMMARY
Quantitative parameter sensitivity of the NTS stability for both the two 4QC control methods are summarized in TABLE 3. In summary: i) increasing the L S will destabilize the NTS; ii) and the impact of R S can be ignored in contrast to L S ; iii) the NTS stability can be enhanced by increasing any of the 4QC circuit parameters (r L , L and C); iv) for conventional PI-based control, increasing K II and K UP or decreasing K IP turns the system to instability; v) K UI has less impact on NTS stability than K II , K UP and K IP ; vi) for proposed PBC-SMS, increasing r 1 and r 2 will further improves the NTS stability, while k 1 and k 2 have few impact.
D. GUIDELINES FOR LFO SUPPRESSION
According to the sensitivity analysis of this section, four recommendations are made: 1) Increasing the number of 4QCs/EMUs essentially increases the total admittance Y Ldq of EMUs, which will lead to instability of the NTS. Thus, limiting the number of EMUs under the same supply section will reduce the possibility of LFOs. 2) The smaller the values of L S and R S are, the more stable the NTS will be. Moreover, L S is the dominant network parameter. Increasing the capacity of an ESS (e.g. transformer) is beneficial to LFO suppression. 3) Larger values of r L , L and C improve NTS stability; L is the dominant one among the three. To reduce LFO, it is suggested to choose on-board transformers with large leakage impedance. 4) According to sensitivity analysis of 4QC control parameters, appropriate selection and tuning of parameters will reduce the potential of LFOs. Therefore, a design suggestion is to decrease K II , K UP or to increase K IP of the PI controllers. For the proposed PBC-SMS control, an increase of r 1 and r 2 has further LFO suppression effect.
VII. CONCLUSION
In this work, low-frequency oscillations, a typical issue in network-train system that affects the safe and stable operation of high-speed railways, is analyzed from the stability angle based on the G-sum norm criterion. A PBC-SMS method consisting of dc voltage SMS control and ac current PBC for EMU 4QC control is proposed for LFO suppression.
The stability analysis illustrates that the proposed PBC-SMS provides superior LFO critical condition comparing to conventional PI-based control. Compared to conventional methods, the proposed PBC-SMS provides better steady-state and dynamic performance and superior LFO suppression capability. The proposed controllers are validated through extensive simulation tests developed using field data measurements for the models. A sensitivity analysis considering the traction network, 4QC circuit and controller parameters of the NTS is carried out, suggesting a number of guidelines for LFO suppression. Note that the controller parameters are dependent to the EMU circuit parameters. However, the proposed control method is not limited to a single EMU model. It can be readily extended to another system with specific circuit parameters by simply re-tuning the controller parameters. Further work in the area can consider adaptive techniques to improve the flexibility of the proposed PBC-SMS method across multiple EMU models.
APPENDIX A
Electrical parameters used in the stability analysis, simulation verification of this work are listed in TABLE 4, in where the network parameters are estimated based on the field tested data of the LFO incident of Section II-A; the 4QC circuit is introduced from [4] , and PI controller parameters are determined through simulation; the PBC-SMS parameters are obtained by simulation tuning. 
